ILLUSTRATIONS
could discriminate the surface alteration zones in bedrock at the Cement oil field, Oklahoma, in order to evaluate LANDSAT's usefulness as a direct detector of oil and gas deposits. Donovan (1974) described the nature of the alterations at Cement and outlined possible mechanisms whereby they may have originated.
Part one of this two part report (Donovan and Dalziel, 1977) attempted to formulate a general model for hydrocarbon microseepage and suggested several geophysical and remote detection applications which might serve to isolate alteration zones. This part of the report summarizes a LANDSAT experiment designed expressly to delineate the alteration aureole at Cement (and a secondary test site at the Garza oil field, Texas) with computer-enhanced images. The work was supported, in part, under NASA Contract S-54039A.
THE PROBLEM
Surface mapping and geological, geochemical, and isotopic analyses have clearly demonstrated that the Cement oil field has undergone a long history of oil and gas microseepage (Donovan, 1974) . The evidence for this seepage manifests itself at the surface in a restricted zone along the crest of the Cement anticline as isotopically unique carbonate cementation in sandstone and replacement of gypsum and a broader area of discoloration (due to iron loss) in normally red-brown sandstone that closely coincides with the vertical projection of the oil and gas producing zones.
Because the Cement field presents a striking model for petroleum microseepage studies and because the effects of this seepage are so boldly evident in the rocks there, it was selected as a key study area to evaluate the suitability of using computer-enhanced LANDSAT multispectral images to detect alteration aureoles over oil deposits and thus serve as a direct detection tool. This was believed to be especially appropriate because the spectral reflectivity of rocks is particularly sensitive to variations in the amount of oxidation state of the transition elements, especially iron (Hunt and Salisbury, 1970; Hunt and others, 1971; Rowan and others, 1974; Goetz, 1975) . However, the vividness of the diagenetic alterations mapped at Cement is more than offset by masking by unaltered beds, thick monochromatic soil cover, dense vegetation, and the cultural and agricultural overprint. For these reasons, the Cement field provides an extremely difficult yet realistic test site for an objective evaluation of LANDSAT's alteration-zone detection capabilities.
METHOD
A wide range of computerized enhancements was generated in the attempt to discriminate altered from unaltered rocks. The image processing techniques used both individual and combinations of LANDSAT bands and combined some of the following processing techniques: contrast stretches, "sine" stretches, simulated true color, false color, boxcar filters, ratios, classification/separation methods, ratio and hybrid color composites, and digital enlargements of the data. Some enhancement processing methods were employed based on previous experience involving classification/separation techniques and others were suggested after study of reflectance spectra of altered and unaltered rocks measured in the laboratory or field. Initially, summer, fall, and winter scenes were used without noticeable variations; subsequent enhancements and those described here were done on an October, 1973, scene, chosen because it was exceptionally free of noise and clouds. We originally thought that the seasonal changes would have a measurable impact on the vigor of vegetation, the area of soil/rock obscured by vegetation, and the spectral response of vegetation types, but the time frame had no real impact on the scene or final processed results. The enhancements listed above were done at the U.S. Geological Survey, Image Processing Facility, Flagstaff, Arizona. Detailed descriptions of the procedures can be found in Eliason and others (1974) , Chavez (1975) , Chavez and others (1977) , Condit and Chavez (in press) and Taranik (1978 From Donovan, 1974 Figure 1. Geologic and location map, Cement area, Oklahoma infrared vertical aerial photographs were studied to provide additional detail and a series of visual observations and hand-held photography experiments were conducted from light aircraft. Soil, geochemical, isotopic, and geologic maps were compiled or constructed to quantify the observable surface alterations and these maps provided the basic set of reference materials for comparison with the enhanced images. Similar techniques were used at a secondary test site (Garza oil field, Texas).
An attempt to map alteration phenomena in the Powder River basin, Wyoming, was aborted because the Tertiary coal-bearing sequences outcropping throughout much of the basin and underlying rocks, where exposed, are commonly masked by a secondary gypsum coating; presumably it is precipitated as an end-product of the oxidation of sulfur components in the coal and coaly shales. This problem needs to be investigated with care and is beyond the scope of the problem at hand.
THE TEST SITES
The Cement Oil Field
The Cement oil field is located in the southeastern Anadarko basin in Caddo and Grady Counties, Oklahoma. The field is a multizone anticlinal oil and gas accumulation in a sequence of clastic, evaporite, and carbonate rocks of Early Pennsylvanian to Early Permian age. The structure is a northwest-southeast trending elongate asymmetric doubly plunging anticline. Details of the geology can be found in Reeves (1922 ), Harlton (1960 ), and Herrmann (1961 . The general geology of the region is shown on fig. 1 . By 1968, the Cement field had produced more than 120 million barrels of oil; the remaining reserves are estimated to be 14.5 million bbl placing it in the Giant class (Halbouty, 1968) . An area of about 75 km is productive. Approximately half of the oil and gas production is from Permian sandstone reservoirs, the rest is from Pennsylvanian clastic and carbonate rocks. The following quote (Donovan, 1974, p. 429) Modified from Moffatt, 1973 fig. 11-3) . At least four major associations (subdivisions) have been mapped in the Cement region ( fig. 2) About 66,000,000 bbl of oil have been produced as of January 1978.
Although the oil field and surface anomaly are considerably smaller and less significant than Cement, the cultural overprint is less dense and the soil, alluvium, and vegetation cover are comparatively thin. The discolored areas (in Triassic red beds) are less-well distributed areally and they are narrowly stratibound in thin sandstone units (figs. 14 and 15).
Although we have no detailed documentation, we suggest (Donovan and Dalziel, 1977 ) that seeping fluids may have effused vertically along joints and fractures ( fig. 16 ) and then spread laterally along permeable sandstones. A thin zone of red shale immediately underlying the bleached sandstones is also bleached presumably owing to proximity to reducing agents carried in the overlying permeability channels ( fig. 17 ).
The topographic surface in the Garza area is generally flat to rolling. 
RESULTS

Cement Oil Field
Visible and near-infrared reflectance spectra for altered and unaltered rocks have generally different profiles and there are marked differences in the shapes of the spectral curves for differently altered rocks ( Figure 19 ). However, neither the high spatial detail of the alteration nor the overall pattern of alteration is effectively resolved in LANDSAT images; the blanketing effects of the generally thick soils and dense vegetation (plus cultural overprint) mask the bedrock alterations in a way similar to that described by others (Huntington and Green, 1978; Rowan and others, 1974, p. 29) . This is perhaps because the spectral shape differences for altered rocks may be destroyed during the formation of the overlying soils.
Computer enhanced images were studied by three "unbiased" interpreters (unfamiliar with the surface geology and alterations at the test sites) intermittently over a period of about three years. Two "biased" interpreters (completely familiar with the surface geology and working with all the detailed ground truth reference data and maps) also worked with the images. Comparisons of the results of both groups of interpreters were made periodically as new data products became available for interpretation. Neither group of interpreters was able to isolate the alteration pattern at Cement with two exceptions: a "biased" interpreter mapped suggestions of the alteration zone at Cement on a sinusoidally stretched image (Donovan, 1975) but "unbiased" interpreters were unable to duplicate that interpretation. Similar results, described here, were obtained on a digitally magnified-scale, sinusoidally stretched and filtered, color composite image ( figs. 20 and 21) . Study of the data bases showed suggestions of the anomaly only in a band 5 scene whose dynamic range had been enhanced by a three-cycle sine-stretch. A 5 x 5 magnification (done by expanding each pixel into a 5 x 5 grid) was performed on the stretched band 5 data-base (plus bands 4 and 7) followed by a low pass 5x5 boxcar filter (for smoothing). These three data-bases were then composited into a color image. The discrepancies between "biased" and "unbiased" interpretations may arise because "unbiased" interpreters tended to use a visual classification scheme based on like colors, shades, and tones: the resultt ing patchwork classifications are unrelated to the anomaly of interest (figs. 22, 23, 24, and 25) . "Biased" interpreters tended to integrate variations owing to subtle spectral differences within the known anomaly into a tonal and color pattern that resembles the model provided by other, independent,data, If an effective haze-removal has been accomplished (Chavez, 1975) , band ratios will suppress at least first order topographic features enabling a better display of albedos which might reflect variations in color or surficial materials. The ratio of band 6 to 5 best separates major material types such as water, soil and rock, and vegetation. The band ratio 5 to 4 is best suited for discrimination among and within soil and rock types and the band ratio 6 to 7 best discriminates among vegetation types. 
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Based on the work of Rowan and others (1974; and oral commun.) we anticipated that a 5 to 4 ratio would discriminate discolored (iron depleted) from normally colored rock; however, these images did not reveal any hint of the anomaly at Cement.
Additional experiments, including airborne geochemical sampling, gamma ray and aeromagnetic surveys, have been or will be reported elsewhere (Donovan and others, 1975; Donovan and others, 1979; Donovan and others, unpub. data) .
Garza Oil Field
Outcrops of altered beds or their averaged spectral effects are too small or subtle to be resolved in a simulated true color LANDSAT image ( fig. 26 ). However, a biased interpreter was able to map a light area on a linearly stretched 5x5 magnified false color image which approximates the known oil field boundary (figs. 27 and 28), and it is possible to map some individual outcrops (altered?) on enlarged SKYLAB color photographs (resolution <30 m; fig. 29 ). Similarly, these areas can also be mapped on conventional black and white aerial photographs primarily by using tonal differences to distinguish probably altered bedrock from other At Garza, areas of alteration could easily be detected in an enhanced false color LANDSAT image by a biased interpreter and could also be mapped with a modest degree of reliability using SKYLAB and aerial photographs.
Although the Cement and Garza oil fields are geologically well suited for a LANDSAT direct detection experiment, their climatological and geographic setting combine against marked success because of the spatial and spectral resolution limitations of the imaging system. An investigation of LANDSAT's capabilities at a test site located in a more arid region with less well developed soils and less vigorous vegetation could prove fruitful.
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